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ABSTRACT: 

An acoustic imaging system comprises pairs of variable gain amplifiers for deriving essentially 
pairs of signals from respective signals generated in respective ultrasonic vibrators and the pairs 
of signals are superimposed on each other in a time difference corresponding to a phase angle 
of pi 12 in frequency of ultrasonic waves. Amplification factors of the variable gain amplifiers are 
controlled so that the desired phase shift of the superimposed signals is obtained to attain 
dynamic focusing. Another acoustic imaging system comprises a switch circuit having a two 
stage matrix switches construction that performs matrix switch functions in a smaller number of 
switch elements. Still another acoustic imaging system comprises constituents for the 
aforementioned phase control as a means for fine adjustment of delay time, the aforementioned 
switch circuit as a means for rough adjustment of delay time, and variable gain amplifiers that 
perform smooth switching of the delay time. 
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(57) An acoustic imaging system comprises pairs 
of variable gain amplifiers for deriving essen- 
tially pairs of signals from respective signals 
generated in respective ultrasonic vibrators and 
the pairs of signals are superimposed on each 
other in a time difference corresponding to a 
phase angle of tt/2 in frequency of ultrasonic 
waves. Amplification factors of the variable gain 
amplifiers are controlled so that the desired 
phase shift of the superimposed signals is 
obtained to attain dynamic focusing. 

Another acoustic imaging system comprises 
a switch circuit having a two stage matrix 
switches construction that performs matrix 
switch functions in a smaller number of switch 
elements. 

Still another acoustic imaging system com- 
prises constituents for the aforementioned 
phase control as a means for fine adjustment of 
delay time, the aforementioned switch circuit as 
a means for rough adjustment of delay time, 
and variable gain amplifiers that perform 
smooth switching of the delay time. 
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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

5 The present invention, relates to an acoustic imaging system, more particularly, an acoustic imaging sys- 

tem for producing real time images of internal portions of an object both in sector scan mode and in linear scan 
mode. 

The acoustic imaging system is utilized, for example, as an ultrasonic diagnostic apparatus for producing 
real time cross-sectional images of the human body, and a defect detecting apparatus for detecting material 
10 or structural defects of an object 

2. Description of the Related Art 

In an acoustic imaging system, a plurality of transducer elements, i.e., ultrasonic vibrators are placed in 
15 contact with an object, and ultrasonic waves are generated in the transducers so as to form a beam penetrating 
the object Reflected waves are converted into corresponding electrical signals in the transducers. A focus point 
is established by controlling the delay time of individual electrical signals so as to compensate for path differ- 
ences between the focus point and the individual transducers and by superimposing the signals. 

To obtain real time images of the object, dynamic focusing, i.e., frequent change of values of the delay 
20 time to move the focus point must be attained. If the change of the delay time is implemented by switching switch 
elements, spike noises are generated in every switching, so that the obtained images are contaminated by the 
spike noises. 

Japanese Unexamined Patent Publication (Kokai) No. 56-112234 discloses an ultrasonic imaging system 
comprising two systems of tap-switching type phased arrays including a plurality of switch elements and delay 

25 lines having a plurality of taps. The two systems of phased arrays are alternatively used to avoid invasion of 
spike noises when switching. The imaging apparatus disclosed in the above publication requires two systems 
of expensive phased arrays, and since whole phased array having a long delay time is alternatively used, the 
frequency of the switching is limited to a certain level. 

USP No. 4,140,022 discloses a sector scan type acoustic imaging system comprising a plurality of phase 

30 changing means and phase control means coupled to the phase control means to effect the dynamic focusing. 
The phase changing means preferably includes a mixer, a source of waves of a given frequency, and means 
for setting the phase of the waves coupled from the source to the mixer. 

Since the ultrasonic imaging system disclosed in the above publication includes mixers, oscillators, and 
phase sifters, the whole system becomes expensive and complex, and in particular, in a linear scan type imag- 

35 ing apparatus wherein many signals have to be processed, these shortcomings become serious problems. 

Furthermore, since the dynamic focusing is attained only by controlling the phase of carrier signals included 
in the received signals, in a recently required probe having a large imaging area wherein phase variation more 
than three times as large as the wavelength of the ultrasonic signals is required in the dynamic focusing, 
deterioration of the ultrasonic beams occurs in the region where large phase variation is required in dynamic 

40 focusing. The reason why the deterioration of the ultrasonic beams occurs is that focusing becomes imperfect 
in that region, because a central frequency of the frequency distribution of the ultrasonic wave shifts toward 
the lower side because of attenuation in a higher frequency component in the living body. Since magnitudes 
of the frequency shifts are different in individual human bodies, the frequency shift cannot be adequately com- 
pensated for. It is also the reason why only the phase of the carrier signals is adjusted by the phase control, 

45 but envelopes of the signals are not adjusted by the phase control. 

The deterioration of the ultrasonic beams might be avoided by performing complex processes wherein a 
single scan is divided into a plurality of steps in a depth direction, and dynamic focusing is carried out for the 
respective steps, with the results synthesized into a single scan line. However, these processes require a long 
processing time to obtain a cross-sectional image, and therefore, reality of time, which is an essential purpose 

so of the dynamic focusing, is lost. In addition, division into a few steps in a depth direction is not enough to avoid 
the deterioration of the beams. 

To realize the linear scan mode, parts of the vibrators have to be selected by multiplexers according to 
positions of the scan line as disclosed in USP No. 4,224,829 and USP No. 4,699,009. Nevertheless, the linear 
scan and the dynamic focusing could be simultaneously realized by N variable gain amplifiers for performing 

55 dynamic apodizing and an N:M switch matrix where N is a number of the vibrators and M is a number of input 
taps of a delay line as described with reference to drawings later, if the problems of the spike noises are to be 
resolved and if the numbers N and M are not so large. However, in recent years, imaging systems having higher 
resolution have been required, as ultrasonic diagnostic systems have been widely used. In order to realize a 
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higher resolution, the number of transducer elements N must be larger. For example, an apparatus wherein 
N=2128 have been manufactured. Also, resolution of the delay time in the delay line must be refined to realize 
a higher resolution. To refine the resolution of the delay time, the number of the input taps of the delay line M 
must be larger. For example, M is required to be up to 128. 
5 As mentioned above, the imaging system having a higher resolution requires the larger number of N and 

M, and therefore a switch matrix having a great many switch elements is required. For example, if N = 128 and 
M = 128, then the number of switch elements becomes 128 x 128 = 16,384. In order to realize this, if commer- 
cially available matrix switch IC's of 8:16 are used, (128 x 128)/(8 x 16) = 128 of IC's are required, and it is not 
practical to use the same. 

10 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide an acoustic imaging system that can produce a real time 
image not contaminated by switching noises. 
15 It is another object of the present invention to provide an acoustic imaging system comprising a low-priced 
phase controlling means to effect dynamic focusing. 

It is still another object of the present invention to provide a switch circuit for use in an acoustic Imaging 
system having a larger imaging area and a higher resolution. 

It is still another object of the present invention to provide an acoustic imaging system that can produce 
20 real time images over a wide range and not be affected by attenuation due to an object even though a single 
expensive delay line is used. 

In accordance with the present invention there is provided an acoustic imaging system for producing 
images of internal portions of an object comprising: 

a plurality of transducers for respectively generating acoustic waves so as to form an acoustic beam 
25 penetrating the object and for respectively converting reflected waves into corresponding electric signals; 

a plurality of first multiplication means for multiplying values of the electric signals output from the res- 
pective transducers by first real numbers, respectively; 

a plurality of second multiplication means for multiplying values of the electric signals output from the 
respective transducers by second real numbers, respectively; 
30 a delay means having a plurality of input terminals for delaying signals input from the respective input 

terminals in different values of delay time from each other and for superimposing the delayed signals on each 
other 

a first switch means for connecting outputs of the first multiplication means to the input terminals of the 
delay means so that the signals output from the first multiplication means are superimposed on each other in 
35 time differences so as to compensate arrival time differences of the reflected waves from a focus point at a 
reference position in the internal portions of the object, in the delay means; 

a second switch means for connecting outputs of the second multiplication means to the input terminals 
of the delay means so that each output signal of each second multiplication means is superimposed in a pre- 
determined time difference on a signal that originates in the same transducer and that is output from the first 
40 multiplication means, in the delay means; and 

a control means for providing first and second real numbers for the respective first and second multipli- 
cation means to shift a phase of carrier signals contained in signals formed by superimposing pairs of signals 
originating in the same transducers to thereby move the focus point from the reference position to a desired 
position. 

45 In accordance with the present invention there is also provided a switch circuit for connecting transducers 

to desired input terminals of a delay unit in an acoustic imaging system comprising: 

a first switch means including a plurality of matrix switches each having a plurality of input lines, a plurality 

of output lines each intersecting all of the input lines, and a plurality of switch elements located in all of the 

intersection points of the input lines and the output lines; 
50 a second switch means including a plurality of matrix switches each having a plurality of input lines, a 

plurality of output lines each intersecting all of the input lines, and a plurality of switch elements located in ail 

of the intersection points of the input lines and the output lines; 

a first connection means for connecting the transducers to the input lines of the matrix switches of the 

first switch means; 

55 a second connection means for connecting the output lines of the matrix switches of the first switch 

means to the input lines of the matrix switches of the second switch means; and 

a third connection means for connecting the output lines of the matrix switches of the second switch 
means to the input terminals of the delay unit. 
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In accordance with the present invention there is also provided an acoustic imaging system for producing 
images of internal portions of an object comprising: 

a plurality of transducers for respectively generating acoustic waves so as to form an acoustic beam 
penetrating the object and respectively converting reflected waves into corresponding electric signals; 
5 a multiplication means for deriving at least two signals having different gain and/or polarity from each 

other from each electric signals output from each transducer; 

a delay means having a plurality of input terminals for delaying signals input from the respective input 
terminals with different values of delay time and for superimposing the delayed signals on each other; 

a first switch means, for connecting the multiplication means to the delay means so that pairs of signals 
10 originating in the same transducer and having different gain and/or polarity are superimposed on each other 
in a predetermined time difference and signals originating in different transducers are superimposed on each 
other in time differences so as to roughly compensate for arrival time differences of the reflected waves from 
a desired focus point in the interna! portions of the object, in the delay means; 

a second switch means, for connecting the multiplication means to the delay means so that pairs of sig- 
15 nals originating in the same transducer and having different gain and/or polarity are superimposed on each 
other in a predetermined time difference and signals originating in different transducers are superimposed on 
each other in time differences so as to roughly compensate for the arrival time differences, in the delay means; 

a selector means inserted between the first and second switch means and the delay means for selec- 
tively connecting the first or the second switch means to the delay means; and 
20 control means for changing the connection in one of the first and the second switch means that is not 

selected by the selector means to another connections corresponding to next desired focus point and for setting 
the gain and/or polarity of the multiplication means so as to finely compensate for the arrival time differences. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 

Figure 1 is a diagram explaining a principle of ultrasonic imaging in a linear scan mode; 
Figure 2 is a general circuit diagram showing the construction of an acoustic imaging system; 
Figure 3 is a diagram showing wave fronts of reflected waves from three focus points in different depths; 
Figure 4 is a diagram showing distributions of delay time required for signals in the three focus points; 
30 Figure 5 is a diagram showing a part of a switch matrix 32 shown in Fig. 2; 

Figure 6 is a general circuit diagram showing a basic construction of an acoustic imaging system according 
to a first embodiment of the present invention; 

Figure 7 is a diagram for explaining an operation of phase control in the acoustic imaging system of Fig. 

6; 

35 Figure 8 is a circuit diagram showing a first example of a more practical construction of the acoustic imaging 

system of Fig. 6; 

Figure 9 is a circuit diagram showing a second example of a more practical construction of the acoustic 
imaging system of Fig. 6; 

Figure 10 is a circuit diagram showing a third example of a more practical construction of the acoustic imag- 
40 ing system of Fig. 6; 

Figure 1 1 is a general circuit diagram showing a basic construction of an acoustic imaging system according 
to a second embodiment of the present invention; 

Figure 12 is a circuit diagram showing an example of a switch circuit used in the acoustic imaging system 
of Fig. 1 1 ; 

45 Figure 13 is a diagram showing an example of setting of switch elements in Fig. 12; 

Figure 14 is a block diagram showing a general construction of an acoustic imaging system according to 
a third embodiment of the present invention; 

Figures 15A to 15C are waveform diagrams explaining the effect of phase control and delay time control; 
Figure 16 is a diagram explaining phase control according to the present invention; 
50 Figures 17A to 17D are diagrams explaining the generation of signals B 8 and B c for the phase control; 

Figure 18 is a circuit diagram of an example of a circuit for generating the signals B s and B c ; 
Figure 19 is a diagram explaining a first example of a more detailed construction of the acoustic imaging 
system of Fig. 14; 

Figure 20 is a diagram explaining a second example of a more detailed construction of the acoustic imaging 
55 system of Fig. 14; 

Figure 21 is a circuit diagram showing a first example of a more detailed construction of a switch circuit 
group 116 or 118 of Fig. 14; 

Figure 22 is a circuit diagram showing a second example of a more detailed construction of the switch circuit 
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group 1 16 or 1 1 8 of Fig. 14; 

Figure 23 is a circuit diagram showing a more detailed construction of a selector group 120 of Fig. 14 in 
the case shown in Fig. 19; 

Figures 24A and 24B are timing charts explaining an operation of the selector group 120 of Fig. 23; 
5 Figure 25 is a circuit diagram showing a more detailed construction of the selector group 1 20 of Fig. 14 in 

the case shown in Fig. 20; 

Figures 26A and 26B are timing charts explaining an operation of the selector group 120 of Fig. 25; 
Figure 27 is a circuit diagram showing a more detailed construction of a delay unit 122 of Fig. 14; and 
Figure 28 is a circuit diagram showing a more detailed construction of a delay circuit 1 58 of Fig. 27. 

10 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

Figure 1 is a diagram explaining a principle of ultrasonic imaging in a linear scan mode. In Fig. 1 , ultrasonic 
waves are generated in an array of ultrasonic vibrators 1 0 so as to form a beam penetrating an object in a direc- 
ts tion of a scan line. Waves reflected at the point D1 return to the ultrasonic vibrators 10. Since the distances 
between the point D1 and the vibrators 1 0 are different in the respective vibrators 1 0, arrival time of the reflecting 
wave is different in the respective vibrators 10. 

Therefore, in delay lines 14, an electric signal generated in a vibrator closest to D1 (central vibrator among 
the smudged vibrators) is given a larger delay time, and electric signals generated in vibrators farthest from 
20 D1 are given smaller delay times, so that the signals become equiphase at a summing point 1 6. The waveforms 
18 represent signals given the above delay times, and the waveform 20 represents the result of summation in 
the summing point 16. As the focussing point D1 is moved on an arrow 22; namely, the delay time in the delay 
lines 14 is varied according to the movement; the intensity of an envelope of the waveform 20 is varied in res- 
ponse to the acoustic characteristics at the focus. The intensity of the envelope is detected and intensity modu- 
25 lation is applied thereto in block 24, to obtain an image signal 26 on a single scan line. In practice, a pulsed 
ultrasonic beam is applied at the respective focus points. By repeating the above scanning processes on given 
scan lines, real time images 28 of the internal portions of the object 12 are obtained. 

Functions of parts from the ultrasonic vibrators 10 to the summing point 16 in Fig. 1 is realized by a receiver 
section having a construction shown in Figure 2. 
30 In Fig. 2, the electric signals generated in ultrasonic vibrators 10 are amplified in respective variable gain 

amplifiers 30 and are input in current signal form to an N:M switch matrix 32 having N input lines, M output 
lines and N x M switch elements provided in every intersection point of the input lines and output lines. Ampli- 
fication factors of the amplifiers 30 are controlled by a gain control circuit 34 so that the signals are apodized, 
for example, in a Gaussian curve located according to a position of the scan line to effect dynamic apodizing. 
35 The M output lines of the switched matrix 32 are connected to respective M input taps 35 of a delay line 36. 
The delay line 36 has serially connected M - 1 small delay elements 38 and M - 1 summing points 40 located 
thereafter respectively for superimposing input signals from the input taps 35 on the output signal of the res- 
pective small delay elements 38 to supply the results to the following small delay elements or output of the delay 
line 36, respectively, as shown in Fig. 2. A signal input from one of the input taps 35 is delayed by all of the 
40 small delay elements positioned downstream of the corresponding summing point, and other signals input from 
other input taps are similarly delayed by the respective numbers of small delay elements. Therefore, the input 
signals are delayed by respective delay time according to the respective positions of the input taps and are 
summed up. 

The switch elements (shown in figure later) of the switch matrix 32 are controlled so that the respective 
45 input lines are connected to the input taps 35 corresponding to values of delay time determined in accordance 
with a depth of the focus and the position of the scan line. When a plurality of input lines are connected to a 
common input tap, the current signals input from these input lines are summed up and are given the same delay 
time. 

Figure 3 shows reflected ultrasonic waves from focus points P1, P2 and P3 at depths of d1, d2 and d3, 
50 respectively. Assuming homogeneous medium in an object, wave fronts of the reflected waves from P1, P2 
and P3 at a moment of arrival at both end elements of the vibrators 10 are as shown by A1, A2 and A3, re- 
spectively. Therefore, the distribution of delay time required for elements become circular arcs D1 , D2 and D3 
shown in Figure 4. 

Figure 5 shows a part of the switch matrix 32 having N input lines 42 and M output lines 44. The switch 
55 matrix 32 has N x M switch elements 46 at intersection points of the input lines 42 and output lines 44. To give 
the delay time distribution of one of circular arcs D1 , D2 and D3, the switch elements denoted by black rounds 
in Fig. 5 are switched on and the other switch elements are switched off, as shown in Fig. 5. Thus, in the imaging 
system of Fig. 2, the dynamic focusing is attained by switching the switch elements 46 of the switch matrix 32. 
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Dynamic focusing by phase control 

Figure 6 is a diagram showing the basic construction of a receiver section for an acoustic imaging system 
according to a first embodiment of the present invention. 

5 In Fig. 6, electric signals generated in the respective vibrators 10 are amplified in respective variable gain 

amplifiers 50 in a first variable gain amplifier group 52 and are input to a first switch matrix 54. The electric 
signals are also amplified in parallel in variable gain amplifiers 56 in a second variable gain amplifier group 58 
and are input to a second switch matrix 60. Amplification factors in the amplifiers 50 and 56 are individually 
controlled by a gain control unit 62. 

10 In this embodiment, connections in the first and the second switch matrix 54 and 60 are set so that each 

pair of signals generated in the same vibrator are supplied before and behind a small delay element 62 having 
a predetermined delay time in a delay line 64. The dynamic focusing is attained by varying the amplification 
factors of pairs of variable gain amplifiers 50 and 56 by the gain control unit 62. 

Figure 7 is a diagram for explaining the control of phase delay to attain the dynamic focusing in the first 

15 embodiment of the present invention. In Fig. 7, one of the variable gain amplifiers 56 is amplifying the same 
signal as the amplifier 50, one of the small delay elements 62 is giving the phase difference between output 
signals of the two amplifiers 50 and 56, and two summing points 66 and 68 located before and after the small 
delay elements 62, are shown. 

In Fig. 7, approximating the signals input to the amplifiers 50 and 56 as 

20 A = cos(©t) (1) 

representing amplification factors of the amplifiers 50 and 56 as B 8 and B c , respectively, and representing a 
value of the delay time in the small delay element 62 as x, a signal Vout in the summing point 68 is written as 

V = B cos{w(t - r)> + cos(wt) . ... (2) 

25 OUt S * V " C 

= B {cos(wt)cos(wr) + sin(wt )sin( wr ) } 

S 

+ B cos(wt) - - - • (3) 

c 

30 Using a parameter 4, wherein 

cosfo) = B 8 cos(©t) + B c (4) 

and 

sin($) = B s sin(©x) (5) 
the amplification factors B 3 and B c are written as 



35 



40 



50 



B = sin(*)/sin(wr ) .... (6) 

B = cos(^) - sin(*)cos(wf )/sin(wr) .... (7) 
c 

= {sin(wr)cos(*) - sin(*)cos(wr)}/sin(wr) 

(8) 

= sin(wr - #)/sin(wr) .... (9) 



45 where 



sin(wr ) k 0 (1°) 



i.e., 



u)T = 2*fr ^ k* .... (11) 

r \ k/2f (l 2 )f 



55 where f is central frequency of the received signal and k is an integer. 
Substituting (6) and (8) into (3), 
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V = cos(^)cos(wr ) + sin(^)sin(wf ) .... (13) 

= COS(wr - <t>) .... (14) 

5 are obtained. 

The formula (14) indicates that if the delay time t and the central frequency f of the input signals are known 
and if the condition (12) is satisfied, the phase of the output signals can be controlled by setting the amplification 
factors of the amplifiers 50 and 56 to B 8 and B c , respectively, which have been calculated according to the 
formulae (6) and (9). 

10 Especially, rf x = 1/4f, cor = 2nf/4f = ti/2, then the formulae (6) and (9) become 

B 8 = sin(cf)) (15) 
B c = con(<» (16) 

When B s = 1 and B c = 0, the construction shown in Fig. 6 is reduce to that of Fig. 2, and therefore it is realized 
that fixed focuses can be set by selecting connections in the switch matrix 54. Connections in the switch matrix 

15 60 are selected so that each pair of signals generated in the same vibrator are given a phase difference t from 
each other as described before. After setting the fixed focus in A = 1 and B = 0, the dynamic focusing is attained 
by controlling the amplification factors B s and B c of the variable gain amplifiers 50 and 56 by the gain control 
unit 62 in accordance with the formulae (6) and (9) or (15) and (16). 

In the first embodiment of the present invention, movement of the focus to the point separated from the 

20 fixed focus such that a phase shift corresponding to one or two cycles of the carrier frequency is required can 
be attained by varying the amplification factors of the variable gain amplifiers. 

Figure 8 is a diagram showing a first example of a more practical construction of the receiver section for 
the ultrasonic imaging system according to the first embodiment of the present invention. 

In Fig. 8, the receiver section comprises a vibrator group 70 including N vibrators T1 to TN, a first variable 

25 gain amplifier group 72 including N variable gain amplifiers A1 to AN connected to the respective vibrators T1 
to TN of the vibrator group 70, a second variable gain amplifier group 74 including N variable gain amplifiers 
B1 to BN connected in parallel to the amplifiers A1 to AN, a first and a second switch matrix 76 and 78 including 
N input lines, M - 1 output lines, and Nx(M- 1) switch elements (not shown) at intersection points of the input 
lines and output lines, a gain control circuit 79, and a delay line 80 including M input taps IP1 to IP(M), M - 1 

30 small delay elements DL1 to DL(M - 1), and M - 1 summing points AD2 to AD(M). 

Electric signals generated in the vibrators T1 to TN are branched into two systems. The signals in one sys- 
tem are amplified in respective variable gain amplifiers A1 to AN of the first variable gain amplifier group 72, 
and are supplied through the first switch matrix 76 having N input lines and (M - 1) output lines to the input taps 
IP1 to IP(M) of the delay line 80. The signals in another system are amplified in respective variable gain 

35 amplifiers B1 to BN of the second variable gain amplifier group 74, and are supplied through the second switch 
matrix 78 to the input taps IP1 to IP(M) of the delay line 80. 

As shown in Fig. 8, the first output line of the switch matrix 76 is connected to the input tap IP1 of the delay 
line 80, the i-th output line of the switch matrix 76 and the (i - 1)-th output line of the switch matrix 78 are con- 
nected to the input tap IP(i) of the delay line 80 where i = 2 to (M - 1), and the (M - 1 )-th output line of the switch 

40 matrix 78 is connected to the input tap IP(M). In the delay line 80, the input tap IP1 is connected to an input of 
the small delay element DL1, the input tap IP(i) and an output of the small delay element DL(i - 1) are connected 
to two inputs of the summing point AD(i) where i = 2 to M, an output of the summing point AD(i) is connected 
to an input of the small delay element DL(i) where i = 2 to M - 1 , and an output of the summing point AD(M) is 
an output of the delay line 80. 

45 When a connection pattern is selected in the switch matrix 76 to set a fixed focus, the same connection 
pattern is selected in the switch matrix 78. Then, if the output of the i-th variable gain amplifier A(i) of the first 
group 72 is connected through the first switch matrix 76 to the j-th input tap IP(j) of the delay line 80, the output 
of the i-th variable gain amplifier B(i) of the second group 74 is connected through the second switch matrix 78 
to the (j + i)-th input tap I P(j + 1 ) of the delay line 80. Therefore, when delay time of the j-th small delay element 

so DL(j) is t(= k/2f), upon setting the amplification factors of the amplifier A(i) and B(i) to G(i) sin (cm - <foysin(c£n) 
and G(i)sin(4i)/sin(cor) t respectively, dynamic focusing is performed by varying the amplification factors of A(i) 
and B(i) according to the required <h. The G(i) may be a Gaussian distribution to perform the apodizing as des- 
cribed before. 

Especially, if x = 1/(4f), the amplification factors to be set for the A(i) and B(i) become G(i)sin(<h) and 
55 G(i)cos(<|>i), respectively. 

Figure 9 is a diagram showing a second example of a more practical construction of the receiving section 
for the ultrasonic imaging apparatus according to the first embodiment of the present invention. 

In this example, a first and a second variable gain amplifier group 72 and 74, a first and a second switch 
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matrix 76 and 78, and a gain control circuit 79 are similar to those of Fig. 8. A delay line 82 has M input taps 
IPA1 to IPA(M), M input taps IPB1 to IPB(M), M small delay elements DL01 to DLO(M), (M - 1) small delay ele- 
ments DL1 1 to DL1(M - 1), (M - 1) summing points ADA2 to ADA(M), and M summing points ADB1 to ADB(M). 
As shown in Fig. 9, the signal output from the i-th output line of the first switch matrix 76 is supplied through 

5 the input tap IPA(i) to the input of the small delay element DLO(i) where i = 1 to M, the signal output from the 
i-th output line of the second switch matrix 78 is added through the input tap IPB(i) to the signal output from 
the small delay element DLO(i) when i = 1 to M. Therefore, if a connection pattern in the first switch matrix 76 
is the same as that of the second switch matrix 78, the signal amplified in the variable gain amplifier A(i) is 
delayed by the small delay element DLO(i) and is superimposed on the signal amplified in the variable gain 

10 amplifier B(i) where i = 1 to M. Thus, the dynamic focusing is performed in the same process as described in 
the first example of Fig. 8. 

A delay time t0 + x1 caused by serially connected two small delay elements DLO(i) and DL1 (i), respectively, 
is given between two signals output from adjacent output lines of the switch matrix 76 or 78. Therefore, a unit 
of the delay times to set the fixed focus is that delay time t1 + t0. Time corresponding to one period of the 

15 earner frequency (1/f) can be used as the t0 + t1 , because fine values of delay time to set the fixed point is 
not necessary in this embodiment. The switch matrix having output lines of the smaller number M can be used, 
wherein x ^ (8f) is required in the conventional system if the total delay time of the delay line 82 is the same. 

Figure 10 is a diagram showing a third example of a more practical construction of the receiver section for 
the ultrasonic imaging system according to the first embodiment of the present invention. 

20 In this example, the delay line 82 and the connection between the output lines of the switch matrix and the 

input taps of the delay line is the same as that of Fig. 9. Also, that of Fig. 8 may be alternatively used. The 
example in Fig. 8 or Fig. 9 is different in that a pair of signals generated in adjacent vibrators T(i) and T(i + 1) 
where i = 1 , 3, 5 ... are summed up at outputs of the variable gain amplifiers A(i) and A(i + 1) or B(i) and B(i + 
1), and the number of input lines of the first and the second switch matrix 84, 86 is one half, i.e., N/2. 

25 The reason is that the time difference between adjacent vibrators can be sufficiently compensated for only 

by controlling the amplification factors of the variable gain amplifiers since the time difference is small. 

Switch circuit 

30 As mentioned before, in the imaging system of Fig. 2 and also in Fig. 6, N x M switch elements are required 
to set values of delay time for individual transducers, and the number N x M of switch elements is not practical 
in recently required imaging systems having a large imaging area and high resolution. 

Figure 1 1 shows a basic construction of a receiver section for an acoustic imaging system according to a 
second embodiment of the present invention wherein the above problem has been resolved. 

35 Referring to Fig. 1 1 , the receiver section comprises a vibrator group 90 including N vibrators 91 (1 ) to 91 (N), 

a first connection group 92, a first switch group 94 including M matrix switches 95(1) to 95(M) each having K 
input terminals and R output terminals, a second connection group 96, a second switch group 98 including R 
matrix switches 1 00(1) to 100(R) each having M input terminals and P output terminals, a third connection group 
102, and a delay unit 104 having Q input terminals 106(1) to 106(Q), wherein N^KxM and Q^PxR. 

40 In the matrix switches, each input line intersects all of the output lines, and switch elements are provided 

in all of the intersection points for selectively connecting the input lines to the output lines. 

The first connection group 92 connects the n-th vibrators 91(n) to one of the input terminals of the m-th 
matrix switch 95(m), wherein n = 1 to N and m = [(n - 1)/K]) + 1, where [x] represents an integer not greater 
than x. 

45 The second connection group 96 connects the R x M output terminals of the matrix switch 95(1) to 95(M) 

to the M x R input terminals of the matrix switch 100(1) to 100(R), one to one, so that the respective output 
terminals of each matrix switch 95(1) to 95(M) are connected to one of the input terminals of the respective 
matrix switch 100(1) to 100(R). 

The third connection group 102 connects the q-th input terminal 1 06(q) of the delay unit 1 04 to one of output 

50 terminals of the r-th matrix switch 100(r), wherein q = 1 to Q and r = (q - 1) mode R + 1, where A mode B rep- 
resents a remainder after A is divided by B. 

Switching operations in the first and the second switch group 94 and 98 are described in the case where 
a signal generated in an rto-th vibrator 91 (n 0 ) is desired to be input to a q 0 -th input terminal 106(q 0 )of the delay 
unit 104. The vibrator 91 (n 0 ) is connected through the first connection group 92 to one of the input terminals 

55 of an mo-th matrix switch 95(mo) where mo = [(n 0 - 1 )/K] + 1 , and one of output terminals of an ro-th matrix switch 
100(r 0 ) is connected through the third connection group 102 to the input terminal 106(q 0 ) where r 0 = (q 0 - 1) 
mode R + 1 . Therefore, by controlling the nvth matrix switch 95(rrio) so that an input terminal connected through 
the first connection group 92 to the vibrator 91 (n 0 ) is connected to an output terminal connected through the 
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second connection group 96 to the r 0 -th matrix switch 100(r 0 ), and by controlling the ro-th matrix switch 100(r 0 ) 
so that an input terminal connected through the second connection group 96 to the nvth matrix switch 95(mo) 
is connected to an output terminal connected through the third connection group 102 to the input terminal 
1 06(qo) t the signal generated in the n<rth vibrator 91 (n 0 ) is input through the matrix switches 95(n\,) and 1 00(r 0 ) 

5 to the qo-th input terminal 1 06(q 0 ) of the delay unit 1 04. 

It should be noted that connections between more than two vibrators and more than two input terminals 
106 formed using a common single connection of the second connection group 96 must not be selected. For 
example, connections such that vibrators 91(1) and 91(2) are connected to input terminals 106(1) and 106(1 
+ R), respectively, are inhibited because these connections are formed using a connection between a matrix 

10 switch 95(1) and a matrix switch 100(1) of the second connection group 96. However, these situations can be 
avoided by adequately selecting the values of K and R, because as shown in Fig. 4, the time differences required 
in K adjacent vibrators is limited to a certain level. If an R value corresponding to a time difference larger than 
that level is selected in the desired resolution of delay time, the above situations can be avoided. 

Now, as an example, the case where N = 128 and Q = 128 is considered. If K = 16, R = 16, M = 8 and P 

15 = 8, eight matrix switches having sixteen input terminal and sixteen output terminals as matrix switches 95(1) 
to 95(M) and sixteen matrix switches having eight input terminal and eight output terminals as the matrix 
switches 100(1) to 100(R) realize functions of an N x Q = 128 x 128 matrix switch shown in Fig. 2. Ratio of the 
number of switch elements, (1 6 x 1 6 x 8 + 8 x 8 x 1 6)/(1 28 x 1 28) is 0. 1 9, namely, the number of switch elements 
becomes less than one fifth. 

20 The matrix switches 95(1) to 95(M) constituting the first switch group 94 need not be M matrix switches 
physically independent on each other. For example, in the case where matrix switches having K = 8 input ter- 
minals and R = 8 output terminals are desired, two matrix switches may be implemented by a matrix switch 
having K = 16 input terminals and R = 16 output terminals. In contrast to this, a matrix switch having K = 16 
input terminals and R = 16 output terminals may be implemented by two matrix switches having K = 8 input 

25 terminals and R = 16 output terminals. Also, a matrix switch having K = 12 input terminals and R = 12 output 
terminals may be, of course, used as a matrix switch having K = 8 input terminals and R = 8 output terminals 
wherein the other terminals are kept in none use. Similar discussions are allowed in the matrix switches 1 00(1 ) 
to 100(R) constituting the second switch group 98. 

Though the delay unit 104 may be one wherein signals are delayed by using analog to digital converters 

30 and shift registers or memories, the construction of the delay line 36 described with reference to Fig. 2 may be 
preferable. 

In the case where analog signals are input to a delay unit having a plurality of delay elements between two 
adjacent input terminals, the analog signals have to be converted into current signals. It is preferable that volt- 
age/current converters for converting into the current signals are provided in the middle of the connections con- 
35 stituting the first connection group 92. 

Buffer amplifiers (not shown) are preferably provided in the middle of connections in the second connection 
group 96 to reduce errors caused by the resistance of a conducting switch in the matrix switch. 

Figure 12 shows an example of the switch circuit according to the second embodiment of the present inven- 
tion. 

40 In this example, an n-th vibrator 91(n) is connected to a k-th input terminal of m-th matrix switch 95(m), 

where n = 1 to N, k = (n - 1) mode K + 1, and m = [(n - 1)/K] + 1. An r-th output terminal of the m-th matrix switch 
95(m) is connected to an m-th input terminal of an r-th matrix switch 1 00(r), where r = 1 to R. A q-th input terminal 
106(q) of the delay unit is connected to a p-th output terminal of the r-th matrix switch 100(r), where q = 1 to 
Q, p = [(q - 1)/R] + 1 and r = (q - 1) mode R + 1. 

45 When an no-th vibrator 91 (no) is desired to be connected to a qo-th input terminal 106(q 0 ), a ko-th input ter- 

minal is connected to an r 0 -th output terminal in an nvth matrix switch 95(m 0 ) where ko = (n 0 - 1) mode K + 1, 
ro = (Qo - 1) mode R + 1 and mo = [(n 0 - 1)/K] + 1, and an nvth input terminal is connected to a Po-th output 
terminal in an r 0 -th matrix switch 100(r 0 ) where p 0 = [(q 0 - 1)/R] + 1. 

Figure 1 3 shows an example of setting of switch elements in Fig. 12. The setting of switch elements shown 

so in Fig. 13 corresponds to that of Fig. 5. The black rounds denote conducting switch elements similar to Fig. 5. 
In Fig. 13, K = 16, R = 16, M = 8, and P = 8. 

Signals generated in vibrators 91 (49) to 91 (64) are input to first to sixteenth input terminals of fourth matrix 
switch 95(4), respectively. First to sixteenth output terminals of the matrix switch 95(4) are connected to fourth 
input terminals of matrix switches 1 00(1 ) to 1 00(1 6), respectively. Also, fifth output terminals of the first to eighth 

55 matrix switch 1 00(1 ) to 1 00(8) are connected to input terminals 1 06(65) to 1 06(72) of the delay unit, respectively, 
and fourth output terminals of the ninth to sixteenth matrix switch 100(9) to 1 00(16) are connected to input ter- 
minals 106(57) to 106(64), respectively. 

As an example, a connection between the vibrator 91(49) and the input terminals 106(62) is explained. In 



9 



BP 0 493 036 A1 



this example, 



10 



k Q = (n Q - 1) mode K + 1 = (49 - 1) mode 16 + 1 = 1 

[(n Q - 1)/K] + 1 = [(49 - 1)/16] +1=4 

p Q = [(q Q - 1)/R] + 1 = [(62 - 1)/16] +1=4 

r 0 ~ ( q 0 " mode R + 1 = ( 62 " 1 ) mode 1S + 1 



m Q ~ ^"0 



14. 



Therefore, ko-th input terminal is connected to ro-th output terminal in the matrix switch 95{mo), namely, 
the first input terminal is connected to fourteenth output terminal in matrix switch 95(4), as shown in Fig. 13. 
Also, nvth input terminal is connected to Po-th output terminal in the matrix switch 100(r 0 ), namely, fourth input 
15 terminal is connected to the fourth output terminal in the matrix switch 100(14), as shown in Fig. 13. Upon these 
connections, the signal generated in the vibrator 91(49) is input to the input terminal 106(62). 

It should be noted that commercially available 8x8 matrix switch IC can be used as the matrix switch 98, 
and two of commercially available 8x16 matrix switch IC's are used as the matrix switch 95. 



20 Dynamic focusing over a wide range 

Figure 14 is a block diagram showing a general construction of an acoustic imaging system according to 
a third embodiment of the present invention. The system shown in Fig. 14 performs the dynamic focusing with 
fine pitches over a wide range without being affected by attenuation in the object, by combinating variation of 
25 delay time and variation of phase of a carrier frequency. Two systems of switch circuit groups and a selector 
group are provided for carrying out the variations, without generation of switching noises, using a single system 
of the expensive delay line. 

In Fig. 14, the apparatus comprises an ultrasonic vibrator 10 arrayed in a predetermined configuration, a 
transmitting control circuit 110 outputting control signals to select desired transmission drivers in a transmit- 
30 ter/recerver circuit 1 12 to make the ultrasonic vibrators corresponding to the drivers generate ultrasonic pulses 
transmitting toward an object so that an ultrasonic beam focusing on a desired point in internal portions of the 
object is formed, and a receiver circuit, receiving signals from the vibrators 10, giving predetermined delay time 
and phase shift to the respective signals, and summing up the signals. 

The receiver circuit is constituted by the transmitter/receiver circuit 112, multiplier group 114, two systems 
35 of switch circuit groups 116, 118, selector group 120, and delay unit 122. 

The imaging apparatus also comprises display means including a logarithmic amplifier 124 and display unit 
126. 

The transmitter/receiver circuit 112 has receiver amplifiers amplifying electric signals generated In the res- 
pective vibrators. The multiplier group 114 includes two or four variable gain amplifiers with respect to each 

40 input signal to derive two or four signals from each input signal. In the case where two sorts of signals are 
derived, the signals are input parallel to the switch circuit groups 116 and 1 18. In the case where four sorts of 
signals are derived, two sorts of signals are input to one switch circuit group 1 16 or 1 18 and another two sorts 
of signals are input to another switch circuit group 118 or 116. The switch circuit groups 116 and 118 include 
a multitude of switch elements constructed so as to select connections between the vibrators 1 0 and input taps 

45 of the delay unit 122, to determine delay time of signal generated in each vibrator. The selector group 120 
selects one of switch circuit groups 116 and 118, generating little switching noise. The delay unit 122 gives 
input signals delay time according to positions of the input taps. While the selector group 120 selects one of 
switch circuit groups 116 and 1 18, desired switching is carried out in another switch circuit group 1 16 or 1 18. 
Before explaining the detailed construction of the constituents shown in Fig. 14, effect of the phase control 

50 and the delay time control are explained. A signal received in an ultrasonic vibrator 10 is represented more 
practically than formula (1) as follows: 

u(t) = a(t)sin(©t + *) (17) 
where the a(t) is an envelope component, a> is an angular frequency of a carrier signal, and <)> is a phase angle 
of the carrier signal. Figure 15A illustratively shows the signal of the formula (17). A signal delayed from the 
55 signal of the formula (17) by tb is represented as 

u(t - to) = a(t - to)sin{©(t - W + « (18) 
Fig. 15B represents the signal of the formula (18). The delay time control described above is realized by 
changing the input taps of the delay unit 122. In this case, the envelope component a(t) as well as the carrier 

10 



EP 0 493 036 A1 

signal is delayed by to- 

A signal wherein only the carrier signal is delayed by tb is represented as 

u'(t-to) = a(t)sin{(o(t - to) + *) (19) 
Fig. 15C shows the signal of the formula (19). The signal of Fig. 15C has the same envelope component as 
5 that of Fig. 15A but is in the same phase of carrier as that of Fig. 15B. The phase control described above is 
realized by changing the amplification factors in multiplier group 1 14. This phase control is in principle similar 
to those described referring to Fig. 7. 

In phase adjustment represented by formula (18) and Fig. 15B, complete coincidence of the signals are 
obtained because a whole waveform can be shifted by to- Therefore, effective focusing is obtained. On the other 
10 hand, in phase adjustment represented by formula (19) and Fig. 15C, complete coincidence is not obtained 
because the envelope components do not shift, but approximate coincidence is obtained. Also, the phase 
adjustment according to the formula (18) requires a more expensive system than that of the formula (19). 

Therefore, in this embodiment of the present invention, rough phase adjustment is stepwise attained by 
the delay unit 122 realizing phase shift according to the formula (18) and fine phase adjustment within a step 
is is attained by the multiplier group 1 14 realizing phase shift according to formula (19). 

For example, when an amount of delay is smaller than ±0.5X where X is wavelength of the ultrasonic signal, 
only the phase control by the multiplier group 1 14 is used to focus the received signal, and when the amount 
is larger than ±0.5X, delay time in delay unit 122 is changed by switching in switch circuit group 1 16 or 1 18 so 
that the required amount of phase shift in the multiplier group 114 becomes smaller than ±0.5X. Thus, the effect 
20 of the attenuation in a living body is reduced by suppressing the amount of phase shift of the carrier to a certain 
level. 

The signals generated in the vibrator are amplified in the amplifiers in the transmitter/receiver circuits 1 12 
so that apodizing of the received signals are performed, for example, in Gaussian curve having a center at a 
position of the scan line. The apodizing may be also performed in the multiplier group 1 14. In addition, the apodi- 
25 zing is set to zero for unnecessary signals. In dynamic focusing, the width of the aperture is gradually varied 
according to the depth of focus. These functions are attained by gradually varying the amount of the apodizing 
in vibrators positioned apart from the center. 

Figure 16 is a diagram for explaining operations of the multiplier group 114. In Fig. 16, two multipliers M c 
and M 8 in the multiplier group 1 14 and a part of the delay unit 122 are schematically shown. The switch circuit 
30 group 1 16 and 118 and the selector group 120 are left out to simplify the explanation. The two multipliers M c 
and M g correspond to two multipliers for a vibrator when two sorts of signals are derived from a signal, or to 
two of four multipliers for a vibrator when four sorts of signals are derived from a signal. 

In the following descriptions, an output signal of the transmitter/receiver circuit 112 is represented by A, 
and coefficients in the multipliers M c and M 8 are represented by B c and B 8 , respectively. As shown in Fig. 16, 
35 two sorts of signals C c = A x B c and C, = AxB s having different gain and polarity are derived from the input 
signal A, and are input through the switch circuit group 1 16 or 118 and the selector group 120 (shown in Fig. 
14 and not shown in Fig. 16) to two adjacent taps T, and T M of the delay unit 122, respectively. The time dif- 
ference between the adjacent taps is represented by x. 

As discussed before, according to the formulae (6) and (7), phase shift $ in a carrier having angular fre- 
40 quency © is obtained when 

B c = cos(4) - sin(4)cos(a)T)/sin(a)T) 
B s = sin(4)/sin(G)T). 

A central frequency of a frequency distribution of the ultrasonic wave is used as the frequency co. Though the 
central frequency varies because of attenuation in a living body, a value within the variation range may be used 
45 as co When a 3.5 MHz probe is used, a value corresponding to 3.5 MHz or less than 3.5 MHz considering the 
attenuation may be used as co in order to calculate the values of B c and B 8 . When the multiplier group 1 14 com- 
mits the apodizing, the B c and B 8 become 

B c - apj {cos(<^) - sin(^)cos(a>r)/sin(cDt)} 
B 8 = apjsin(<fr)/sin(cox), 

50 where apj is a value of apodizing. 

Any value of x wherein cox ^ nJ2 brings out good results, if only interpolation between T| and T K1 is carried 
out, but a value of x wherein cor = nil is more preferable if extrapolation is also carried out, for example, if the 
phase control is attained in a range of -% to +n. 

If only the interpolation between T, and T»i is carried out and if a small value of x is used, the influence of 
55 a drop in the carrier frequency due to attenuation in a living body is reduced, but a larger number of the input 
taps of the delay line is required and the size of the switch circuit group 116 and 118 and the selector group 
120 is enlarged. 

Therefore, in the following descriptions, an example where the phase control is carried out in a range of 
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-n to +n using a r value wherein car = «/2. when <dt is equal to rc/2, B c and B 8 becomes cosfo) and sin(<|>), re- 
spectively. 

Figure 17A shows the phase control value $ in the range of -n to +*, and Figure 17B and 17C show the 
corresponding values of B 8 and B c , respectively. If the phase control is performed in sixteen notches within 

5 that range, eight voltage values a, b, c ... h shown in Fig. 17B and 17C are sufficient for B c and B 9 because 
they are symmetrical functions. These.eight voltage values can be commonly used for all of the signals. If four 
bit data B 0 to B 3 are assigned to sixteen notches as shown in Figure 17D, a circuit for generating the B c and 
B 8 is realized by two analog multiplexers 130 and 132 and an exclusive OR gate 134, as shown in Figure 18, 
and, possibly two D/A converters instead of the two analog multiplexers 1 30 and 132, and in this case, apodizing 

10 is also attained in this circuit 

Figure 19 is a diagram explaining operations of the multiplier group 1 14, the switch circuit groups 116 and 
118, and the selector group 1 20, in the case where four signals are derived from each signal, and thereby two 
system construction starts from the multiplier group 114. The operations of multiplier circuits 136 and 1 38 have 
been explained with reference to Fig. 16 to Fig. 18. The selector group 120 is not clearly illustrated in Fig. 19 

15 to simplify the drawing. The signal from the transmitter/receiver circuit 1 12 (Fig. 14) is represented by A. In prac- 
tice, the n multiplier circuits 136 and 138 are necessary where n is the number of vibrators. Though not shown 
in Fig. 19, the switch circuit group 116 and 118 have switch elements for other vibrators other than the switch 
elements 140-1, 140-2, ... etc. 

While the multiplier circuit 136 and the switch circuit group 116 constituting a system P are connected 

20 through the selector group 120 (Fig. 14) to the delay unit 122, the multiplier circuit 138 and the switch circuit 
group 118 constituting a system Q are disconnected and are given signals for the next focus point Two signals 
having different gain or different gain and polarity are output from the multiplier circuit 136 to the switch circuit 
group 1 16. In the switch circuit group 116, one of the pairs of switch elements, for example, 140-3 and 140-4 
connected to two adjacent input taps Dp2 of the delay unit 122 are selected. Therefore, two signals output from 

25 the multiplier circuit 1 36 are superimposed with time difference t. Phase adjustment at intervals of 2n is attained 
by changing the selection of the switch pair, and phase adjustment within that interval is attained by changing 
the values of B c and B 8 . The switch circuit groups 116 and 1 1 8 are alternatively selected by the selector group 
120 (Fig. 14) to be connected to the delay unit 122, and the next control signals are set during disconnection. 
Pairs of input taps D p1 , Dp2 , ... for the system P and pairs of input taps D q1 , , ... for the system 

30 Q are arranged at intervals of 2n{4 x t). Though the input tap pairs D q1 , , ... are shifted from the input 
tap pairs D p1 , Dp2, Dp3... by was in the example shown in Fig. 19, the input tap pairs D p1 , Dp2 . Dp3... maybe 
commonly used by the systems P and Q. However, in this arrangement, delay time change of 2n occurs in 
switching from one system to another while the focus point is gradually moved. By employing the staggered 
arrangement shown in Fig. 19, change of delay time is limited to n. 

35 Figure 20 is a diagram showing another example where two systems are provided only for the switch circuit 

group 116 and 118, and a single multiplier circuit 142 is provided for each signal. An operation of the multiplier 
circuit 142 is the same as that described with reference to Fig. 16 to Fig. 18. The selector group 120 is also 
not clearly illustrated in Fig. 20. 

Since the multiplier circuit 142 is commonly used by systems P and Q, noises are generated when the 

40 values B c and B s are changed. Then, low pass filters 144 and 146 are provided for suppressing the generation 
of noise. Since high frequency components are not included in paths from the circuits for making the B c and 
B 8 to the multipliers M c and M s , filters having a low cut-off frequency comparable with a switching frequency 
(several micro-seconds) can be used for the low pass filters 144 and 146. 

The multipliers Mc and M 8 provided in the multiplier circuit 142 output signals having different gain or gain 

45 and polarity in the form of differential output pairs. 

Input tap pairs , D 2 , D 3 ... are arranged at intervals of n in the delay unit 122. The non-inverted outputs 
of the differential outputs pairs are supplied to the odd-numbered input tap pairs D 1 , D 3 , D 5 and the inverted 
outputs of the differential output pairs are supplied to the even-numbered input taps pairs D 2 , D 4 , D 6 .... 
Employing this arrangement, while the focus point is gradually moved in dynamic focusing, change of delay 

so time is limited to rc, and variation in values of B c and B 8 is minimized even when the delay time is changed by 
ji, since inverted signals corresponding to a n phase shift are supplied at this time. If a large variation of B c and 
B 8 is allowed, single outputs can be employed instead of differential outputs, and the number of wires connecting 
the multiplier group 114 and the switch circuit group 1 1 6 and 118 become one half. 

The construction of the switch elements 140-1, 140-2, ...shown in Fig. 19 and Fig. 20 are not practical but 

55 ideal. Figure 21 shows an example of a practical construction of the switch circuit group 1 16 or 1 18 (Fig. 14). 
CO to C3 denote four signals generated in four adjacent vibrators. As described with reference to Fig. 11, 
the number of output terminals (called R in Fig. 1 1) of a matrix switch M1 (Fig. 21) in a first stage must be deter- 
mined by considering resolution of delay time and maximum time difference required in the four adjacent vib- 
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raters. In this example, the value R has been determined as six. Then, the number of analog demultiplexers 
M2 in the second stage becomes six (M2-1 to M2-6 in Fig. 21). If a required number of taps is eighteen (T01 
to T18 in Fig. 21), the number of output terminals of the analog demultiplexers M2-1 to M2-6 becomes 18/6 = 
3. Connecting the matrix switches M1 and the analog demultiplexers M2-1 to M2-6 as shown in Fig. 21, a funo 
5 tion of a 4:18 matrix switch is realized by those elements as described with reference to Fig. 11. 

As a whole, the required number of the circuits of Fig. 21 is n/4 (for MJ + n/4 (for M 8 ) for the system P and 
n/4 (for M'J + n/4 (for M' 8 ) for the system Q in the construction shown in Fig. 19, and is n/2 (for MJ + n/2 (for 
M 8 ) for the system P and n/2 (for MJ + n/2 (for M 8 ) for the system Q in the construction shown in Fig. 20, where 
n is the number of vibrators. 

10 Intervals between taps T01 to T18 are 4 x x in the examples of Fig. 19 and Fig. 20, and the total number 

of taps is 2 x 1 8 for system P and 2 x 1 8 for system Q in the example of Fig. 1 9, and is 4 x 1 8 for system P and 
4 x 18 for system Q in the example of Fig. 20. These numbers (m = 36 in Fig. 19 or m = 72 in Fig. 20) of signal 
lines go out from the switch circuit 1 16 and 118 of Fig. 14. 

Referring to Figure 22, by using 4 x 3 matrix switches instead of the analog demultiplexers, the 4 x 3 matrix 
15 switches M2-1 to M2-6 accept signals from four matrix switches M1-1 to M1-4. 

In the construction of Fig. 19, if only the input taps D p1 , Dp2 , ... are used without using the input taps D q1 , 
Dq2 ... as described before, the number of input taps become one half. Even in this case, the scales of the switch 
circuit groups 116 and 118 and the selector group 120 are the same. 

Figure 23 shows a more detailed construction of the selector group 120 to be used with the switch circuit 
20 group having the construction shown in Fig. 1 9. 

M P1 to Mpm and M Q1 to M Qm denote analog multipliers or variable gain amplifiers, provided for selecting m 
signals from one of two systems P and Q. For example, m signals 148 from the switch circuit group 1 16 are 
input to the M P1 to Mpm , and m signals 150 from the switch circuit group 1 18 are input to the to M^. 

The signals 148 are controlled by another common input signal G p so as to pass through or be obstructed 
25 according to the signal G p , and the signals 150 are controlled by another common input signal Gq. 

Figure 24A and 24B are timing charts for the control signals G p and Gq. As shown in Figs. 24A and 24B, 
switching from one to another is smoothly performed during intervals tsw , and signals from system Q are com- 
pletely obstructed during intervals t^o- During this intervals tq 0 , control values in system Q are changed, and 
during intervals tpo , control values in system P are changed. 
30 In the case of Fig. 23, m is 6/2 where d is number of taps of the delay unit Amplification factors of the mul- 

tipliers are proportional to G P and G Q , and the G F and G Q is controlled so that G P + G Q = constant. In these 
conditions, selection of one of two systems in the selector group 120 is smoothly performed with small amplitude 
variation of output signals during the intervals tsw. 

Figure 25 shows a detailed construction of the selector group 120 to be used with the switch circuit group 
35 having the construction shown in Fig. 20. 

Analog multipliers or variable gain amplifiers M P1 to M^ and to M^ are provided for selecting m signals 
from m x 2 signals from the switch circuit groups 116 and 118. For example, m signals 152 from the switch 
circuit group 116 are input to the M P1 to M^ and m signals 154 from switch circuit group 118 are input to the 
Mqi to Mo,,. The signals 152 are controlled by another common input signal G P , and the signals 154 are con- 
40 trolled by another common input signal Gq. 

Figures 26A and 26B are timing charts for the control signals G P and Gq. Similar to Figs. 24A and 24B, 
switching from one to another is smoothly performed during intervals tsw- In this example, movement of the 
focus only by the phase control may be attained by using the multipliers in some cases at any of the timings 
denoted by A, B and C. 

45 In the case of Fig. 25, the respective output of the M P1 to are added to the respective output of the 

M Q1 to M Qm (e.g., by current addition in constant current circuits), and the number of output signals m is equal 
to d where d is the number of taps of delay unit 122. 

Figure 27 shows an example of a practical construction of the delay unit 122. The delay unit 122 includes 
a plurality of analog demultiplexers 156 and partial delay circuits 158. Each analog demultiplexer 156 has an 

50 input terminal connected to each of the output terminals of the selector group 1 20 and a plurality of output ter- 
minals. For example, the analog demultiplexer 156 has four output terminals F1 to F4, which are selected 
according to a probe frequency, e.g. 2.5 MHz, 3.5 MHz, 5.0 MHz, and 7.5 MHz, respectively, as shown in Fig. 
27. The partial delay circuits 1 58 are serially connected to each other and each has a required number of input 
terminals for each probe frequency, e.g., six input terminals for F4, four input terminals for F3, three input ter- 

55 minals for F2, and two input terminals for F1 , as shown in Fig. 27. 

The input terminals of the partial delay circuits 158 on the right side in the figure correspond to the smaller 
delay time. As shown in Fig. 27, the input terminals corresponding to the larger delay time are not used in higher 
probe frequencies if the value of d is constant in all of the probe frequencies. In other words, if the value d is 
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constant in all of the probe frequencies, the larger delay time is required in the lower probe frequencies, and 
this increases the cost of the system. Therefore, it is preferable that, for example, the maximum delay time and 
the value d are determined for a probe frequency of 3.5 MHz and the same maximum delay time and smaller 
d value are used for a probe frequency of 2.5 MHz. 

5 Figure 28 shows a detailed construction of the partial delay circuit 1 58 shown in Fig. 27. A constant current 

amplifiers 160 and 162 are provided for serially connecting the partial delay circuits 158. Constant current 
amplifiers 166 have resistors (not shown) in input sides for current addition. Amplification factors of the 
amplifiers 160 and 162 are variable for disconnecting unused partial delay circuits 158. The amplifier 162 has 
a resistor (not shown) in an input side for terminating delay lines 1 66. A resistor 1 64 is provided for terminating 

10 in an input side of the partial delay circuit 1 58. Each delay line 1 68 has a value of delay time e.g., t^ = 1 8 nsec. 
The partial delay circuit 158 includes twelve serially connected delay lines 168. 

For 7.5 MHz, i.e., F4, six taps are arranged at intervals of 2 x tde = 36 nsec, which corresponds to phase 
delay of n/4 in about 6.94 MHz. For 5.0 MHz, i.e., F3, four taps are arranged at intervals of 3 x tde = 54 nsec, 
which corresponds to phase delay of n/4 in about 4.63 MHz. For 3.5 MHz, i.e., F2, three taps are arranged at 

15 intervals of 4 x td© = 72 nsec, which corresponds to phase delay of «/4 in 3.47 MHz. For 2.5 MHz, i.e., F1 , two 
taps are arranged at intervals of 6 x td e = 1 08 nsec, which corresponds to phase delay of tc/4 in about 2.31 MHz. 

The delay line 1 68 may be divided into two elements between which a constant current amplifier is provided. 
In this construction, frequency characteristics and reflection in the partial delay circuit are improved. 

20 

Claims 

1. An acoustic imaging system for producing images of internal portions of an object comprising: 

a plurality of transducers (1 0) for respectively generating acoustic waves so as to form an acoustic 
25 beam penetrating the object and respectively converting reflected waves into corresponding electric sig- 

nals; 

a plurality of first multiplication means (50) for multiplying values of the electric signals output from 
the respective transducers (10) by first real numbers (B s ), respectively; 

a plurality of second multiplication means (56) for multiplying values of the electric signals output 
30 from the respective transducers (10) by second real numbers (BJ, respectively; 

a delay means (64) having a plurality of input terminals for delaying signals input from the respective 
input terminals at different values of delay time from each other and for superimposing the delayed signals 
on each other, 

a first switch means (54) for connecting outputs of the first multiplication means (50) to the input 
35 terminals of the delay means (64) so that the signals output from the first multiplication means (50) are 

superimposed one each other in time differences so as to compensate for arrival time differences of the 
reflected waves from a focus point at a reference position in the internal portions of the object, in the delay 
means (64); 

a second switch means (60) for connecting outputs of the second multiplication means (56) to the 
40 input terminals of the delay means (64) so that each output signal of each second multiplication means 

is superimposed in a predetermined time difference on a signal that originates in the same transducer and 
is output from the first multiplication means, in the delay means (64); and 

a control means (62) for providing the first and the second real numbers (B s , B c ) for the respective 
first and second multiplication means (50, 56) to shift a phase of carrier signals contained in signals formed 
45 by superimposing pairs of signals originating in the same transducers to thereby move the focus point from 

the reference position to a desired position. 

2. An acoustic imaging system as claimed in claim 1, wherein the first and the second multiplication means 
are variable gain amplifiers and wherein the first and the second real numbers correspond to gain and/or 

so polarity of the first and the second variable amplifiers, respectively. 

3. An acoustic imaging system as claimed in claim 1 or 2, wherein the control means determines the first 
and the second real numbers B 8 and B c according to the following formulae: 

B s = sin(<j>)/sin(or) 

55 and 

B c = sin(a)T-^)/sin(a)x) 

where $ is a phase angle of the phase shift of the carrier signal, © is an angular frequency of the carrier 
signal , and x is the predetermined time difference between the pairs of signals originating in the same trans- 
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ducers. 

4. An acoustic imaging system as claimed in claim 1 or 2, wherein the control means determines the first 
and the second real numbers B s and B c according to the following formulae: 

5 B s = apj-sin(<t>)/sin(cor) 

and 

B c = apHcosfo) - sin($)cos(arc)/sin(a>T)} 
where 4 is a phase angle of the phase shift of the carrier signal, © is an angular frequency of the carrier 
signal, t is the predetermined time difference between the pairs of signals originating in the same trans- 
10 ducers, and apj is an apodizing value. 

5. An acoustic imaging system as claimed in claim 1 , 2, 3 or 4, wherein the delay means includes a plurality 
of serially connected delay elements having a delay time corresponding to the predetermined time differ- 
ence, the respective input terminals being connected to inputs of the respective delay elements and to an 

15 output of the delay means. 

6. An acoustic imaging system as claimed in claim 1 , 2, 3 or 4, wherein the delay means includes a plurality 
of alternately serially connected first delay elements and second delay elements, the first delay elements 
having a delay time corresponding to the predetermined time difference, and the second delay elements 

20 having a delay time larger than that of the first delay elements, wherein the first switch means connects 

the outputs of the first multiplication means to inputs of the first delay elements, and wherein the second 
switch means connects the outputs of the second multiplication means to inputs of the second delay ele- 
ments. 

25 7. An acoustic imaging system as claimed in any of claims 1 to 6, wherein output signals from the first and 
the second multiplication means multiplying signals generated in at least two adjacent transducers are 
summed up into single signals. 

8. A switch circuit for connecting transducers to desired input terminals of a delay unit in an acoustic imaging 
30 system comprising: 

a first switch means (94) including a plurality of matrix switches (95) each having a plurality of input 
lines, a plurality of output lines each intersecting all of the input lines, and a plurality of switch elements 
located in all of intersection points of the input lines and the output lines; 

a second switch means (98) including a plurality of matrix switches (100) each having a plurality of 
35 input lines, a plurality of output lines each intersecting all of the input lines, and a plurality of switch ele- 

ments located in all of intersection points of the input lines and the output lines; 

a first connection means (92) for connecting the transducers (90) to the input lines of the matrix 
switches (95) of the first switch means (94); 

a second connection means (96) for connecting the output lines of the matrix switches (95) of the 
40 first switch means (94) to the input lines of the matrix switches (100) of the second switch means (98); 

and 

a third connection means (102) for connecting the output lines of the matrix switches (100) of the 
second switch means (98) to the input terminals of the delay unit (104). 

45 9. A switch circuit as claimed in claim 8, wherein the first switch means includes M matrix switches having 
K input lines and R output lines and the second switch means includes R matrix switches having M input 
lines and P output lines, where N^KxM and Q^PxR where N is a number of the transducers and Q 
is a number of the input terminals of the delay unit wherein 

the first connection means connects the n-th transducer to one of input lines of a m-th matrix switch 

so of the first switch means, where n = 1 to N and m = [(n - 1)/K] + 1 where [x] is an integer not greater than 

x, wherein 

the second connection means connects R output lines of the respective matrix switches of the first 
switch means to the respective input lines of the R matrix switches of the second switch means, respect- 
ively, and wherein 

55 the third connection means connects a q-th input terminal of the delay unit to one of output lines of 

an r-th matrix switch of the second switch means, where q = 1 to Q and r = (q - 1) mode R + 1 where A 
mode B is a remainder after A is divided by B, 

and the switch circuit further comprises a control means for controlling an nvth matrix switch of 
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the first switch means so that an input line connected to an n^-th transducer is connected to an output line 
connected to ro-th matrix switch of the second switch means and for controlling the ro-th matrix switch of 
the second switch means so that an input line connected to the nvth matrix switch of the first switch means 
is connected to an output line connected to qo-th input terminal of the delay unit, to thereby connect the 
5 no-th transducer to the qo-th input terminal of the delay unit, where no is any of 1 to N, q 0 is any of 1 to Q, 

mo = [(n 0 - 1)/K] + 1, and r 0 = (qo - 1) mode R + 1. 

10. A switch circuit as claimed in claim 9 f wherein the first connection means connects the n-th transducer to 
a k-th input line of the nvth matrix switch of the first switch means where k = (n - 1) mode K + 1 , wherein 

10 the second connection means connects an r-th output line of an m-th matrix switch of the first switch 

means to an m-th input line of an r-th matrix switch of the second switch means, wherein 

the third connection means connects the q-th input terminal of the delay unit to a p-th output line 
of the r-th matrix switch of the second switch means where p = [(q - 1)/R + 1], and wherein 

the control means controls the nvth matrix switch of the first switch means so that a k^-th input 
15 line is connected to an ro-th output line and controls the ro-th matrix switch of the second switch means 

so that an nvth input line is connected to an po-th output line, where ko = (n 0 - 1) mode K + 1 and Do = 
[(qo-1)/R]+1. 

11. An acoustic imaging system for producing images of internal portions of an object comprising: 

20 a plurality of transducers (1 0) for respectively generating acoustic waves so as to form an acoustic 

beam penetrating the object and respectively converting reflected waves into corresponding electric sig- 
nals; 

a multiplication means (114) for deriving at least two signals having different gain and/or polarity 
from each other from each electric signals output from each transducer; 
25 a delay means (122) having a plurality of input terminals for delaying signals input from the respec- 

tive input terminal at different values of delay time from each other and superimposing the delayed signals 
on each other; 

a first switch means (116), for connecting the multiplication means (1 14) to the delay means (122) 
so that pairs of signals originating in the same transducer and having different gain and/or polarity are 
30 superimposed on each other in a predetermined time difference and signals originating in different trans- 

ducers are superimposed on each other in time differences so as to roughly compensate for arrival time 
differences of the reflected waves from a desired focus point in the internal portions of the object, in the 
delay means (122); 

a second switch means (118), for connecting the multiplication means (114) to the delay means 
35 (122) so that pairs of signals originating in the same transducer and having different gain and/or polarity 

are superimposed on each other in a predetermined time difference and signals originating in different 
transducers are superimposed on each other in time differences so as to roughly compensate for the arrival 
time differences, in the delay means (122); 

a selector means (120) inserted between the first and second switch means (116, 118) and the delay 
40 means (1 22) for selectively connecting the first or the second switch means (1 1 6, 1 1 8) to the delay means 

(1229; and 

control means for changing connection in one of the first and the second switch means (1 16, 1 1 8) 
that is not selected by the selector means (1 20) to another connection corresponding to next desired focus 
point and for setting the gain and/or polarity of the multiplication means (1 14) so as to finely compensate 
45 for the arrival time differences. 

12. An acoustic imaging system as claimed in claim 11, wherein the multiplication means includes a plurality 
of pairs of variable gain amplifiers having the gain and/or polarity set by the control means to B 8 and B c , 
respectively, according to the following formulae: 

so B 3 = sin(<M/sin(a>r) 

and 

B c = cos($) - sin(<Bcos(a>r)/sin(G>T) 
where 4> is a phase shift angle of a carrier signal to attain the fine compensation for the arrival time differ- 
ences, co is an angular frequency of the carrier signal and t is the predetermined time difference between 
55 the pairs of signals. 

13. An acoustic imaging system as claimed in claim 1 1 , wherein the multiplication means includes a plurality 
of pairs of variable gain amplifiers having the gain and/or polarity set by the control means to B s and B c , 
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respectively, according to the following formulae: 

B 8 = apjsin(<|>)/sin(Grc) 

and 

B c = apj-{cos(<M - sin(<t>)cos(an)/sin(a>T)} 
5 where <(> is a phase shift angle of a carrier signal to attain the fine compensation for the arrival time differ- 

ences, (d is an angular frequency of the carrier signal, t is the predetermined time difference between the 
pairs of signals, and apj is an apodizing value. 

14. An acoustic imaging system as claimed in claim 12 or 13, wherein the pairs of variable gain amplifiers 
10 include a plurality of first pairs of amplifiers connected to the first switch means (1 16) and a plurality of 

second pairs of amplifiers connected to the second switch means (118), and wherein the control means 
changes values of the gain and/or polarity of the amplifiers connected to one of the first and the second 
switch means (1 16, 118) that is not selected by the selector means (120) to another value corresponding 
to the next desired focus point 

15 

15. An acoustic imaging system as claimed in claim 12 or 13, wherein the pairs of the variable gain amplifiers 
are connected in parallel to the first and the second switch means (116, 118), and wherein the control 
means changes values of the gain and/or polarity of the variable gain amplifiers to another value corre- 
sponding to the next desired focus point at the same time as a change of selection in the selector means 

20 (120). 

16. An acoustic imaging system as claimed in claim 15, wherein the variable gain amplifiers output pairs of 
non-inverted signals and inverted signals which are supplied through the first or second switch means and 
the selector means to the input terminals of the delay means at intervals corresponding to phase shift of 

25 n. 

17. An acoustic imaging system as claimed in any of claims 11 to 16, wherein the selector means includes 
first variable gain amplifiers receiving output signals of the first switch means and second variable gain 
amplifiers receiving output signal of the second switch means wherein gain of the first and the second vai> 

30 able gain amplifiers are changed smoothly in the change of the selection. 

18. An acoustic imaging system as claimed in any of claims 11 to 17, wherein the delay means includes a 
switch means for switching intervals of the delay time according to a frequency of the acoustic waves. 

35 
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Fig. 3 
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Fig. 5 
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Fig J 3 
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Fig. 14 
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Fig. 17 A 
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